P
oxviruses are enveloped viruses with a large double-stranded DNA genome of about 200 kbp that encodes at least 150 to 200 functional open reading frames. Unlike most DNA viruses that replicate in the nucleus of infected cells, poxvirus replication takes place entirely in the cytoplasm of infected cells in a defined virusinduced organelle known as the viral factory (1) . Vaccinia virus (VACV) belongs to the genus Orthopoxvirus and is the prototypical member of the Poxviridae family (1). VACV, which was used as a live-attenuated vaccine for the eradication of smallpox, has been extensively studied as the prototypic representative of the poxvirus family. VACV has also been developed as an oncolytic agent and is currently being tested in various clinical trials as an oncolytic virotherapeutic for the treatment of end-stage cancers, such as liver cancer or cancer that has metastasized to the liver (2) (3) (4) (5) (6) (7) . A second poxvirus with demonstrated oncolytic potential is myxoma virus (MYXV), which belongs to the genus Leporipoxvirus (8) (9) (10) . Sequencing of the MYXV Lausanne strain genome has revealed that the genome is 161.8 kbp in size and encodes about 171 genes (11) . The central region of the MYXV and VACV genomes includes viral genes that are highly conserved among all poxviruses. However, the terminal regions of both genomes are much less conserved and encode more unique genes that are involved in subverting the host immune system and circumventing various other antiviral responses of the infected host (8, 12, 13) . Unlike VACV, which can infect a wide variety of vertebrate hosts, MYXV productively infects only lagomorphs and causes a lethal disease called myxomatosis in European rabbits (1, 9, 14, 15) .
Despite its narrow host range in nature, MYXV has been shown to be able to productively infect various human cancer cells, and studies conducted in numerous nonrabbit animal models have revealed that this virus can selectively infect and kill a wide variety of cancer cells in both immunocompetent and immunodeficient hosts (8, 10, 16, 17) . The host range determinants that mediate this cancer-specific tropism of MYXV outside the rabbit host are still being investigated, but at least two different intracellular pathways have been implicated in this cellular discrimination to date: (i) the failure of many cancer cells to induce an effective antiviral response, such as the synergistic interferon and tumor necrosis factor pathway that effectively aborts MYXV replication in primary nontransformed human cells (18, 19) , and (ii) the constitutive activation of Akt in many cancer cells that favors permissive virus replication (20, 21) . We have also recently shown that MYXV can selectively infect and kill primary human leukemic stem and progenitor cells while sparing normal human stem and progenitor cells derived from bone marrow in terms of differentiation potential in vitro and the ability to engraft recipient NOD/ scid/IL2 receptor gamma-chain knockout (NSG) mice in vivo (22) . Additionally, we recently showed that MYXV specifically binds and kills contaminating human CD138 ϩ myeloma cells from primary patient bone marrow samples ex vivo, whereas MYXV does not bind and therefore does not infect normal CD34 ϩ stem cells (23) .
However, we still do not understand why MYXV selectively binds/infects so many types of human cancer cells but fails to bind or infect normal CD34 ϩ stem and progenitor cells. Our working hypothesis is that CD34 ϩ stem and progenitor cells simply do not express key cell surface molecules that allow MYXV to bind to the cell surface. To date, a specific cellular protein receptor(s) for the attachment of poxviruses to the surface of mammalian cells has not yet been identified for MYXV, but studies have shown that VACV recognizes and binds to target mammalian cells via both cell surface glycosaminoglycan (GAG)-dependent and -independent mechanisms (24) (25) (26) (27) (28) (29) (30) . A few cellular attachment vaccinia virion proteins have also been identified to date, including A26, A27, D8, H3, and L1 (24) (25) (26) (27) (28) 30) . The A27 and H3 viral proteins on the VACV intracellular mature virus (IMV) particle (also called mature virion [MV] ) bind directly to cell surface heparan sulfate (HS) (25, 30) . The VACV D8 and A26 IMV proteins bind chondroitin sulfate and the cell surface extracellular matrix (ECM) protein laminin, respectively (24, 28) . It has been shown that pretreatment of vaccinia virus IMV with soluble heparin or laminin had an inhibitory effect on the virion attachment to target HeLa, BSC-40, and BSC-1 cells, indicating that VACV can utilize cell surface HS and laminin as attachment factors for these cells (24, 25, 31) . A mutant vaccinia virus construct lacking A26 was shown to still be capable of binding to GAG-deficient cells (Sog9), indicating that VACV uses another additional, still unknown cellular receptor(s) or attachment factor(s), in addition to GAGs and cell surface ECM protein laminin (24) . Foo et al. have reported that soluble vaccinia virus protein L1 binds to GAG-deficient cells and blocks virus entry, suggesting that virion L1 can also act as a cell receptor-binding protein (26) . However, the specific cellular receptor(s) that L1 recognizes at the cell surface remains to be identified. Recently, Izmailyan et al. reported that VACV binding to HeLa cells was reduced when cell surface integrin ␤1 expression was knocked down using a small interfering RNA (siRNA), suggesting that integrin ␤1 can function as an attachment factor, at least for HeLa cells (29) .
MYXV is structurally similar to VACV, and therefore, it was reasonable to propose that MYXV might attach to target mammalian cells in a similar manner as VACV. However, the tropism of these two poxviruses can be quite different for many human cancer cells (32) , and detailed studies comparing the attachment of MYXV and VACV virions to target cells have not yet been conducted. To directly test the binding of MYXV and VACV to different cell types and under different conditions, we have constructed fluorescently tagged versions of MYXV and VACV and then compared the binding and infection of these viruses to various human normal and cancerous cells. To this end, we constructed a recombinant MYXV in which the M093L gene (the ortholog of the VAC A4L IMV structural protein [11, 33] ) was replaced with the M093L gene fused with the coding sequence of fluorescent protein Venus at the amino terminus. This new recombinant virus (vMyx-Venus/M093) expresses Venus-fused M093 as a tagged virion component. Using vMyx-Venus/M093, we investigated the binding/infection of MYXV with various mammalian cells in parallel with a recombinant VACV, which expresses Venus-fused A4 in the virion (vVac-Venus/A4). In addition, we determined if the binding of MYXV and VACV to normal and cancerous mammalian cells was dependent on HS, the cell surface ECM protein laminin, or integrin ␤1. Our results demonstrate that the cell surface binding determinants are significantly different between these two oncolytic poxviruses, particularly for certain classes of human cancerous leukocytes such as T cell lymphoid cancers and multiple myeloma cells, and reflect the nonidentical potencies in their oncolytic potentials.
MATERIALS AND METHODS
Cell lines. BSC-40 cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml of penicillin/streptomycin. U266, HuNS1, Jurkat, and CCRF-CEM cells were obtained from the American Type Culture Collection and maintained in RPMI 1640 (Lonza) supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml of penicillin-streptomycin.
Construction of plasmids and recombinant viruses. Construction of vMyx-GFP, which expresses enhanced green fluorescent protein (GFP) under the control of the vaccinia virus synthetic early/late promoter, has been described previously (34) . To generate the amino (N)-terminal fluorescent protein Venus-fused M093, overlapping PCR was used to insert the coding sequence of Venus after the start codon of M093L. Primers were designed to amplify the partial coding sequence of M094L and the region containing the coding sequence of M093L and M092L using the genome of the MYXV Lausanne strain as the template (Table 1) . The coding sequence of Venus was amplified by PCR using pDEST40-Venus as the template (Table 1) . The resulting PCR products were adjoined into contiguity by overlapping PCR. The final PCR product was inserted into pCR2.1-TOPO (Invitrogen) to generate pVenus-M093L full-TOPO. To generate Venus-fused A4, the Venus-coding sequence was inserted immediately after the A4L start codon. A flexible glycine-serine linker encoded by the sequence GGTGGAGGCGGTTCA was introduced between Venus and A4L (Table 1) . Cells infected with MYXV (Lausanne) or VACV (Western Reserve) were transfected with the plasmid encoding Venusfused M093 or A4 at the N terminus, respectively. On the next day, cells Focus-forming assay. Confluent BSC-40 cell monolayers were infected with vMyx (Lausanne), vMyx-GFP, or vMyx-Venus/M093. After virus adsorption at 37°C for 1 h, inoculum was removed and cells were overlaid with liquid medium. At 3 days after infection, foci were visualized using a Leica DMI6000 B inverted microscope. Fluorescence and phasecontrast images of foci were captured. Images were minimally processed and pseudocolored using Adobe Photoshop software (Adobe Systems).
Kinetics of synthesis of vMyx-Venus/M093. Confluent BSC-40 cells grown in 6-well plates were mock infected or infected with vMyx-Venus/ M093, which had been purified through a 36% sucrose cushion as described previously (35) , at a multiplicity of infection (MOI) of 10.0 either in the presence or in the absence of 40 g/ml of cytosine arabinoside (AraC; Sigma) at 37°C for 1 h. After adsorption, the inoculum was removed and cell monolayers were washed extensively with culture medium to remove unbound virions. Cells were maintained in medium with or without 40 g/ml of AraC. At 2, 4, 6, 8, 12 , and 24 h postinfection, cells were scraped into medium, pelleted, and stored at Ϫ80°C. To examine the synthesis of Venus/M093 protein, cell pellets were lysed in radioimmunoprecipitation assay buffer (0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40 [NP-40], 1% Triton X-100, 0.5ϫ phosphate-buffered saline [PBS]) containing phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche) on ice for 20 min. Clarified cell lysates were resolved on a 4 to 15% Tris-glycine gel (Bio-Rad), and proteins were transferred to a polyvinylidene difluoride membrane for Western blot analysis. The membrane was probed with an anti-GFP monoclonal antibody (MAb; Roche), followed by horseradish peroxidase (HRP)-conjugated goat anti-rat antibody (Jackson ImmunoResearch Laboratories). After detecting Venus/M093, the blot was sequentially reprobed with a rabbit anti-M071 (late protein) antisreum, a rabbit anti-M-T7 (early protein) antiserum, and an anti-␤-actin MAb (Sigma), followed by an appropriate HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories). The antibodies were stripped off from the blot prior to immunoblotting with a different antibody. Bound antibodies were detected using chemiluminescence reagent (Millipore) according to the manufacturer's instructions.
Virion component fractionation. Virions purified through a 36% sucrose cushion were treated with 0.5% NP-40 with or without 50 mM dithiothreitol (DTT) at 37°C for 30 min. After treatment, insoluble fractions were separated from soluble fractions by centrifugation or left unfractionated. Total virion proteins and detergent-insoluble and soluble protein-containing fractions were dissolved in SDS sample buffer and subjected to SDS-PAGE. Western blot analyses were performed sequentially using an anti-GFP MAb and anti-M071 MAb, as described above.
Fluorescence microscopy. For infection, BSC-40 cells grown on glass coverslips were infected with vMyx-Venus/M093 or vVac-Venus/A4 at an MOI of 1.0. On the next day, cells were washed with PBS and fixed in 4% paraformaldehyde in PBS. For binding, prechilled BSC-40 cells were incubated with vMyx-Venus/M093 or vVac-Venus/A4 at an MOI of 10.0 on ice for 1 h. After adsorption, unbound virions were removed by extensive washing with ice-cold culture medium, and cells were fixed as described above. Coverslips were placed on Vectashield mounting medium containing 4=,6-diamindino-2-phenylindole (DAPI; Vector Laboratories). Cells were visualized using a ϫ63 water-corrected immersion objective on a Leica laser scanning confocal microscope.
Virion binding and virus infection. Virions purified through a 36% sucrose cushion were pretreated with 100 g/ml of soluble heparin (HP; Sigma) or laminin (LN) from human placenta (Sigma) on ice for 1 h or mock treated. Cell surface integrin ␤1 expression. HeLa cells were detached from tissue culture dishes as described above. HeLa, U266, and HuNS1 cells were stained with APC-conjugated anti-CD29 (BD Biosciences) in suspension at 4°C for 20 min. Unbound antibodies were removed by washing, and the level of integrin ␤1 expression on the cell surface was determined by flow cytometry.
RESULTS
vMyx-Venus/M093 replicates normally in cultured cells and produces fluorescent foci that are identical to those formed by the parental viruses. We first constructed recombinant MYXV and VACV expressing a common Venus fluorescent fusion protein as a virion component to detect virus binding by flow cytometry. VACV that expresses the A4-GFP fusion or A4-yellow fluorescent protein (YFP) fusion at the N terminus has previously been used to study the binding of VACV to various mammalian cell lines (31, 36) . Hence, we replaced M093L, the MYXV ortholog of VACV A4L, with M093L fused to the coding sequence of the fluorescent protein Venus at the N terminus and generated vMyxVenus/M093 (Fig. 1A) . Venus was chosen as the fluorescent tag because of its favorable signal-to-noise ratio compared to the background fluorescence signals encountered in some mammalian cells and tissues. To examine if this new recombinant vMyxVenus/M093 behaves similarly to the wild-type MYXV, we compared the foci formed by infection with vMyx-Venus/M093 at a low MOI compared to those produced by the wild-type MYXV. As shown in Fig. 1B , vMyx-Venus/M093 produced similar-sized fluorescent foci on BSC-40 cell monolayers as the wild-type viruses vMyx (Lausanne) and vMyx-GFP, which has the coding sequence of enhanced green fluorescent protein under the control of the vaccinia virus synthetic early/late promoter inserted at an intergenic location between M135L and M136L. This indicates that vMyx-Venus/M093 has similar replication characteristics as the wild-type MYXV. Similarly, vVac-Venus/A4 forms plaques in the same cells that are indistinguishable from those of the parental VACV (data not shown).
M093, like VACV A4, is predominantly synthesized late during MYXV infection and is incorporated into the progeny intracellular mature virions. We next examined the kinetics of the synthesis of Venus/M093 during MYXV infection for comparison with those of the published A4-fusion constructs of VACV (31) . BSC-40 cells infected with vMyx-Venus/M093 were harvested at various time points, and the expression of Venus/M093 was examined by Western blotting. Our results showed that the expression of Venus/M093 could be detected as early as 2 h after infection and increased gradually over time ( Fig. 2A) . The expression of Venus/M093 protein was drastically reduced when infection was carried out in the presence of AraC ( Fig. 2A ; compare lanes 7 and 8), indicating that M093 is predominantly synthesized late during infection. Similar kinetics for the expression of Venus/A4 protein during vVac-Venus/A4 infection were observed (data not shown). We reprobed the blot against other MYXV proteins, M071 (late) and M-T7 (early). M071 has a similar kinetics profile as M093, since the production of M071 increased over time and was greatly reduced by AraC ( Fig. 2A) . M-T7, a secreted protein, is known to express early during MYXV infection (37) . Consistent with the previous study (37) , the maximal level of cell-associated M-T7 was detected at 2 h after infection ( Fig. 2A) , after which the protein was efficiently secreted from infected cells (data not shown).
Vaccinia virus A4 protein has been shown to be associated with the virion membrane fraction when the core proteins (detergent insoluble) of IMV are separated from the membrane proteins (detergent soluble) using NP-40 buffer containing DTT (38) . We therefore examined if the Venus/M093 protein is also localized to the membrane fraction of intracellular MYXV virions. We treated purified virions with NP-40 buffer in the presence or absence of DTT to fractionate the core and membrane proteins. As shown in Fig. 2B , in the presence of DTT, the majority of Venus/M093 protein was detected in the membrane fraction, indicating that M093 is incorporated into progeny MYXV virions and is mem- 
FIG 2 Venus/M093 fusion protein is incorporated into MYXV virions. (A)
Temporal synthesis of Venus/M093 protein. BSC-40 cells were mock infected or infected with vMyx-Venus/M093 at an MOI of 10.0 in the absence or presence of cytosine arabinoside (AraC), indicated by ϩAraC, for 1 h at 37°C. After adsorption, the inoculum was removed and cells were washed. At the indicated time points, cells were harvested and lysed in radioimmunoprecipitation assay buffer. Clarified cell lysates were subjected to SDS-PAGE, and Western blotting was performed sequentially using the indicated antibodies, followed by an appropriate horseradish peroxidase-conjugated secondary antibody. (B) Venus/M093 fusion protein is incorporated into MYXV IMVs. IMVs purified through a 36% sucrose cushion were treated with NP-40 lysis buffer in the presence or absence of DTT. The detergent-insoluble fraction (I) was separated from the detergent-soluble fraction (S) or left unfractionated as total (T) input protein. The fractions were subjected to SDS-PAGE for Western blot analyses using the antibodies indicated in panel A. brane associated ( Fig. 2B ; compare lanes 6 and 7). However, in the absence of the reducing agent, which disrupts the disulfide bonds in the virions, the majority of Venus/M093 protein was detected in the core fraction ( Fig. 2B ; compare lanes 9 and 10). This indicates that, similarly to VACV A4, M093 is incorporated into progeny MYXV virions and localized in proximity to the core (39) .
Venus/M093-and Venus/A4-labeled virion-sized particles can be visualized within infected cells. Our previous result indicates that the Venus/M093 protein is incorporated into progeny MYXV virions (Fig. 2B) . We next examined if we could visualize Venus-labeled MYXV virions in infected cells and if the localization pattern of Venus/M093 was similar to that of Venus/A4 during vVac-Venus/A4 infection. To test this, we infected BSC-40 cells with either vMyx-Venus/M093 or vVac-Venus/A4 and visualized the localization of Venus/M093 or Venus/A4 by confocal microscopy. Our results showed that there was accumulation of Venus fluorescence over the viral factories for both virus infections. In addition, Venus-labeled virion-sized particles were present throughout the cytoplasm of infected cells (Fig. 3A) , supporting our previous result. Similarly, Venus/A4 was localized to the viral factory and on the virion-sized particles in the cytoplasm, consistent with the localization pattern previously described for yellow fluorescent protein-A4 (Fig. 3A) (36) .
We next examined if the two Venus-tagged viruses would provide a useful tool to study comparative virus binding properties on various target cells. Therefore, purified vMyx-Venus/M093 or vVac-Venus/A4 virions were bound to BSC-40 cells on ice and washed, and virus binding was observed by confocal microscopy. As shown in Fig. 3B , the binding of vMyx-Venus/M093 or vVacVenus/M093 to BSC-40 cell monolayers was detected, indicating that vMyx-Venus/M093 could be used to study the comparative levels of MYXV binding to various target cells in parallel with vVac-Venus/A4.
Venus-tagged MYXV binds two human multiple myeloma cell lines, U266 and HuNS1, much more efficiently than VACV. We have previously shown that MYXV can efficiently infect two human multiple myeloma cell lines, U266 and HuNS1, and prevent the engraftment of these cancer cells into the bone marrow of immunodeficient mice (23) . We therefore tested whether VACV could bind to those cell lines as efficiently as MYXV and therefore determined the levels of vVac-Venus/A4 binding to U266 and HuNS1 cells relative to those of vMyx-Venus/M093. As shown in Fig. 4A (left) , vMyx-Venus/M093 bound essentially all U266 cells as efficiently as control BSC-40 and HeLa cells, whereas the binding of this virus to HuNS1 cells was detectable by flow cytometry on only approximately 50% of the cells. In the case of VACV, the binding of vVac-Venus/A4 to U266 and HuNS1 cells was detectable only to levels of 60% and 30%, respectively, compared to those to control BSC-40 cells (Fig. 4A, right) . Therefore, our data indicate that VACV binds U266 and HuNS1 cells much less efficiently than MYXV, but at this point we could not distinguish whether VACV virions exhibit less affinity for the same binding determinants as MYXV or if they utilize different attachment receptors on myeloma cells.
Venus-tagged MYXV and VACV virion binding to target cells is differentially inhibited by soluble heparin, but only VACV virion binding is inhibited by the ECM laminin. Previous studies have shown that VACV binds to GAGs on the cell surface and that soluble heparin can competitively block the binding of VACV virions to cell surface HS, for example, on BSC-40 or HeLa cells (25, 31) . To examine if MYXV comparably utilizes HS as a cell surface attachment factor, we performed binding assays on various mammalian cell lines. We mock treated or pretreated purified MYXV or VACV virions with soluble heparin, and the relative levels of virion binding to target cells were assessed by flow cytometry. Our data showed that binding of vVac-Venus/A4 to BSC-40 and HeLa cells, the cell lines used in previous binding studies, was reduced when virions were preincubated with soluble heparin (Fig. 4B, gray bars) . Similarly, binding of vMyx-Venus/M093 to BSC-40 and HeLa cells was even more effectively competed by soluble heparin than it was for VACV, indicating that binding of MYXV to these cells is also mediated in large part by cell surface HS (Fig. 4B, dark bars) . We next examined the GAG dependency of MYXV or VACV binding to two human multiple myeloma cell lines, U266 and HuNS1, that have previously been shown to be effectively infected and killed by ex vivo treatment with MYXV (23) . As shown in Fig. 4B (bottom left), soluble heparin inhibited the binding of both vMyx-Venus/M093 and vVac-Venus/A4 to U266 cells, indicating that the binding of both MYXV and VACV to U266 cells is dependent on HS. In stark contrast, the binding of either virus to HuNS1 cells was not blocked by soluble heparin, indicating that attachment of MYXV or VACV to HuNS1 cells is completely independent of HS (Fig. 4B, bottom right) .
To confirm and extend the results presented above, we treated BSC-40, HeLa, U266, and HuNS1 cells with heparinase I, which cleaves cell surface carbohydrate chains into smaller subunits. In agreement with our heparin treatment studies, the treatment of cells with heparinase I comparably reduced the binding of both MYXV and VACV to BSC-40, HeLa, and U266 cells but not to HuNS1 cells (Fig. 4B) . This confirms that whereas the binding of both MYXV and VACV to BSC-40, HeLa, and U266 cells is GAG dependent for all cell lines, the binding of both viruses to HuNS1 cells is not mediated by HS.
It has been shown that VACV protein A26 interacts with the extracellular matrix protein laminin on the surface and that pretreatment of VACV virions with laminin inhibits virus binding to HeLa and BSC-40 cells (24, 31) . That previous study concluded that VACV utilizes cell surface laminin, in addition to GAGs, as a cell attachment factor (24) . We next examined if MYXV binding to HeLa cells could be blocked by laminin. Therefore, we performed a binding assay in which we mock treated or pretreated purified vMyx-Venus/M093 and vVac-Venus/A4 virions with laminin prior to adsorption to HeLa cells and assessed relative virus binding levels by flow cytometry. Consistent with previous reports (24, 31) , the binding of vVac-Venus/A4 to HeLa cells was partially blocked by the exogenous laminin (Fig. 4C) . In contrast, however, the binding of vMyx-Venus/M093 was not affected by the treatment with laminin, indicating that MYXV does not require the cell surface ECM protein laminin for attachment to HeLa cells (Fig. 4C) . Furthermore, laminin did not block the binding of either vMyx-Venus/M093 or vVac-Venus/A4 to U266 or HuNS1 cells, indicating that neither virus utilizes cell surface laminin as an attachment factor for binding to the multiple myeloma cells (data not shown).
Venus-tagged MYXV and VACV differentially bind and infect two human T lymphoblast-like cell lines, CCRF-CEM and Jurkat. Our results indicate that both MYXV and VACV can bind comparably to human multiple myeloma cell lines in culture. To determine if this applied to other classes of human lymphoid cells, we next examined if the two viruses could bind to human T cell lines, specifically, CCRF-CEM and Jurkat. We determined the comparative levels of binding of vMyx-Venus/M093 and vVacVenus/A4 at various MOIs to these two cell lines by measuring the mean fluorescence intensity. Our results showed that the mean fluorescence intensity of vMyx-Venus/M093 binding to Jurkat cells at an MOI of 100.0 was 2.5-fold higher than that of the binding to CCRF-CEM cells, indicating that MYXV does not bind to CCRF-CEM cells as avidly as Jurkat cells (Fig. 5A and B ). In contrast, the mean fluorescence intensity of vVac-Venus/A4 binding to CCRF-CEM cells was 2-fold higher than that of the binding to Jurkat cells (Fig. 5A and B) . This suggests that the binding of MYXV and VACV to CCRF-CEM and Jurkat cells utilizes nonidentical surface determinants.
We next examined if virion binding was correlated to subsequent infection levels. Therefore, we infected CCRF-CEM and Jurkat cells with vMyx-Venus/M093 or vVac-Venus/A4 at an MOI of 20.0 and determined the percentage of cells that were expressing Venus-fusion protein after 4 versus 24 h of infection at 37°C by flow cytometry. Consistent with the binding data at 4°C, our results showed that almost 90% of Jurkat cells were infected by vMyx-Venus/M093 both at 4 h and at 24 h postinfection, while less than 10% of CCRF-CEM cells were infected with this virus (Fig. 5C ). In contrast, vVac-Venus/A4 infected CCRF-CEM cells more efficiently than Jurkat cells (50% versus 25%) at 4 h postinfection. It should be noted that the absolute number of CCRF-CEM cells infected with VACV significantly decreased at 24 h of infection, indicating that infection with VACV caused considerable cell death (Fig. 5C) (23) . Taken together, our data indicate that MYXV and VACV differentially bind to and therefore differentially initiate infection of both CCRF-CEM and Jurkat cells (Fig. 5) .
Venus-tagged MYXV and VACV utilize different cellular binding determinants to attach to CCRF-CEM T lymphoblastoid cells. Our results indicated differential aspects of the binding of Venus-tagged MYXV and VACV to both T lymphoblast-like cell lines. We next examined if the binding of MYXV or VACV to CCRF-CEM and Jurkat cells was dependent on cell surface HS. We mock treated or pretreated purified vMyx-Venus/M093 or vVac-Venus/A4 virions with soluble heparin prior to adsorption to cells and assessed the relative levels of virion binding by flow After binding, cells were processed as described for panel A and bound virions were detected by flow cytometry. The mean fluorescence intensity was determined and normalized to that for the untreated corresponding virus. Averages of two independent experiments are shown, and the error bars are plotted. Statistical analyses between the untreated and HP-or LN-treated groups for each virus were performed using the Student t test. * and **, P Յ 0.05 and P Յ 0.005, respectively, which are considered significant; a, P Ͼ 0.05, which is considered insignificant. cytometry. Interestingly, soluble heparin did not inhibit the binding of vMyx-Venus/M093 to CCRF-CEM cells, while it reduced the binding of vVac-Venus/A4, indicating that MYXV utilizes another still unknown cell surface determinant to attach to CCRF-CEM (Fig. 6A ). In the case of Jurkat cells, treatment with soluble heparin reduced the binding of both viruses, albeit to different extents (Fig. 6A) .
Our results indicated that binding of MYXV to CCRF-CEM human T lymphoblastoid cells was independent of HS, while the binding of VACV showed some HS dependence. This led us to hypothesize that MYXV and VACV utilize a different cellular determinant(s) to attach to CCRF-CEM cells. Therefore, we performed a competitive binding assay in which we prebound nonfluorescently tagged viruses to CCRF-CEM and Jurkat cells prior to binding with Venus-tagged virus. We then quantitated the relative amount of Venus-tagged MYXV or VACV bound to cells by flow cytometry. We had already observed that both Venus-tagged viruses bind to BSC-40 and HeLa cells via HS (Fig. 4A) . We predicted that if the binding determinants could be saturated, then primary prebinding of nonfluorescently tagged MYXV or VACV to BSC-40 cells would inhibit or reduce the binding of either of the Venus-tagged viruses. We included the BSC-40 cell line to serve as a positive control for this competition assay. As predicted, binding of cold MYXV to BSC-40 cells as a primary virus comparably inhibited the binding of either vMyx-Venus/M093 (homologous) or vVac-Venus/A4 (heterologous) (Fig. 6B) . Similarly, nonfluorescently tagged VACV blocked the binding of either of the Venus-tagged viruses to BSC-40 cells (Fig. 6B) . Interestingly, binding of either of the Venus-tagged viruses to CCRF-CEM cells was reduced only when the homologous nontagged virus was used as the primary competing virus (Fig. 6B) . Thus, nontagged MYXV reduced the binding of vMyx-Venus/M093 without affecting the binding of vVac-Venus/A4, and vice versa (Fig. 6B ). This indicates that MYXV and VACV utilize different cellular binding determinants to attach to CCRF-CEM cells. As for the Jurkat cells, either of the nontagged competing viruses reduced the binding of both vMyx-Venus/M093 and vVac-Venus/A4 (Fig. 6B ). This result was less surprising for Jurkat cells because we had already shown that binding of both viruses was comparably inhibited by soluble heparin (Fig. 6A) . The reduced binding of Venus-tagged virus was somewhat greater when nontagged MYXV was used as the primary competing virus (Fig. 6B) .
Binding of Venus-tagged MYXV or VACV to primary human leukocytes is completely independent of heparan sulfate or laminin. Since MYXV is currently being developed as a purging agent to selectively delete contaminating cancerous cells in an autograft ex vivo prior to reinfusion and oncolytic VACV is being administered intravenously to treat a variety of cancers in vivo, it is very important to determine the types of human leukocytes that are susceptible to infection by these poxviruses. Previous studies have examined certain types of human leukocytes that can be infected by VACV (40) (41) (42) . Here, we examined if MYXV and VACV could bind or infect similar types of human leukocytes found in primary human blood or marrow samples. Therefore, enriched primary human leukocytes derived from source leukocytes (LifeSouth) were exposed to vMyx-Venus/M093 or vVac-Venus/A4. The human leukocyte lineages that were capable of binding these Venus-tagged viruses were then determined by flow cytometry. Our results showed that a similar spectrum of primary leukocyte types that were susceptible to Venus-tagged VACV binding after 1 Statistical analyses between the two viruses for each cell line were performed using the Student t test. * and **, P Յ 0.05 and P Յ 0.005, respectively, which are considered significant; a, P Ͼ 0.05, which is considered insignificant. h on ice was also comparably susceptible to Venus-tagged MYXV binding ( Fig. 7A and C) and that this binding correlated reasonably well with subsequent viral infection after 24 h at 37°C (Fig. 7B  and D) . However, we noticed that the absolute numbers of infected granulocytes identified as Venus positive by 24 h postinfection were sometimes higher than the numbers of virus-bound cells detected after 1 h of adsorption on ice. This is most likely because the density of cell surface binding determinants recognized by MYXV and VACV on granulocytes is probably variable between cells, and thus, the absolute number of Venus-positive cells detectable by flow cytometry after the 1-h adsorption step was sometimes underestimated. We observed that monocytes were the most susceptible to both of the viruses, while T cells were the least susceptible. Both MYXV and VACV bound and infected B cells and granulocytes, although not as efficiently as monocytes (Fig. 7) . In addition to determining the types of human leukocytes that were susceptible to the two poxviruses, we also examined if virus binding was dependent on heparan sulfate or the ECM protein laminin. Therefore, we pretreated purified MYXV or VACV virions with soluble heparin or laminin prior to adsorption to or vVac-Venus/A4 bound to the cells was determined by flow cytometry. The mean fluorescence intensity was determined and normalized to that for the untreated corresponding virus. Averages of two independent experiments are shown, and the error bars are plotted. Statistical analyses between mock-adsorbed cells and cells incubated with untagged vMyx or vVac were performed for each cell line using the Student t test. * and **, P Յ 0.05 and P Յ 0.005, respectively, which are considered significant; a, P Ͼ 0.05, which is considered insignificant. enriched human leukocytes. As shown in Fig. 7 , neither soluble heparin nor laminin reduced the binding or subsequent infection by either virus, indicating that the binding of both MYXV and VACV to human leukocytes is independent of either HS or laminin. Unexpectedly, we noted that for both viruses heparin pretreatment actually increased the relative levels of binding to or infection of certain cell types, such as granulocytes and B cells (Fig. 7A and C) . However, the mechanism of the modest increase in Venus-tagged virus binding/infection caused by heparin is unknown. In any event, both viruses bind to primary human leukocytes using attachment determinants that are quite distinct from the GAGs and extracellular matrix components utilized on cultured fibroblastic cell lines, such as HeLa and BSC-40 cells.
Venus-tagged MYXV discriminates normal CD34 ؉ stem cells from CD138
؉ multiple myeloma cells in primary myeloma patient bone marrow more efficiently than VACV. We have recently shown that MYXV can selectively bind CD138 ϩ multiple myeloma cells that contaminate primary patient bone marrow samples ex vivo, whereas very little or no virus binding to normal CD34
ϩ hematopoietic stem and progenitor cells was detected in the same samples (23) . We were interested in whether Venustagged VACV would also discriminate normal CD34 ϩ stem cells from CD138
ϩ multiple myeloma cells at the level of virus attachment. Therefore, we compared the relative levels of binding of vMyx-Venus/M093 and vVac-Venus/A4 to CD138 ϩ versus CD34 ϩ cells in individual primary myeloma patient bone marrow samples. Our results in three patient samples showed that Venus-tagged MYXV quantitatively bound and infected essentially all of the CD138 ϩ cells detectable by flow cytometry (Fig.  8A) . In contrast, Venus-tagged VACV bound to fewer of the potential target CD138 ϩ cells (Fig. 8A) . As for the normal CD34 ϩ hematopoietic stem and progenitor cells in the same samples, neither MYXV nor VACV bound these cells very efficiently (Fig. 8B) , and the infection levels for both viruses were consistently less than 10% of the total CD34 ϩ populations, as detected by flow cytometry. We did note that in a minority of patient samples, such as patient 3 in Fig. 8B , there was a small but detectable fraction of CD34 ϩ cells that could adsorb Venus-tagged MYXV, but in these cases, virion binding was transient and did not progress on to a productive infection. At this point, the reason that some patient CD34 ϩ cells could bind MYXV in a nonproductive fashion is unclear, but this binding was uniquely transient and did not lead to significant levels of productive virus infection of these cells. These results indicate that MYXV can selectively bind and eliminate contaminating primary CD138
ϩ multiple myeloma cells more efficiently than VACV, although both viruses are apparently unable to bind or infect the majority of normal CD34
ϩ hematopoietic stem cells present in primary human bone marrow.
Venus-tagged MYXV, but not VACV, binds and infects
HuNS1 myeloma cells. Since we found that VACV did not appear to bind/infect CD138 ϩ multiple myeloma cells from patient samples as efficiently as MYXV, we next examined the ability of MYXV and VACV to bind and infect established human multiple myeloma cell lines, U266 and HuNS1. Therefore, we infected U266 and HuNS1 cells with vMyx-Venus/M093 or vVac-Venus/A4 at an MOI of 20.0 and determined the percentage of cells that were Venus labeled by flow cytometry after 4 and 24 h postinfection. At both 4 and 24 h postinfection, more than 90% of U266 and HuNS1 cells infected with Venus-tagged MYXV were positive for Venus fluorescence, indicating that both cell lines are highly susceptible to MYXV binding and infection (Fig. 9A) . In contrast, only 70% and 35% of U266 and HuNS1 cells, respectively, were Venus positive following exposure to vVac-Venus/A4 at 4 h postinfection (Fig. 9A) , indicating that VACV does not bind to or initiate infection of these established multiple myeloma cell lines, especially HuNS1 cells, as efficiently as MYXV. By 24 h of infection, the number of Venus-positive HuNS1 cells that had been adsorbed with vVac-Venus/A4 increased to about 50% (Fig. 9A) . This increase may result from the secondary infection from progeny Venus-tagged viruses produced during the primary VACV infection. Note that whereas our previous data showing vMyxVenus/M093 binding to HuNS1 cells was not as efficient as that to control BSC-40 cells (Fig. 4A, left) , more than 90% of HuNS1 cells became infected by vMyx-Venus/M093 by 4 h postinfection (Fig.  9A) . This is most likely because the density of cell surface binding determinants that MYXV recognizes on HuNS1 cells is not as abundant as that on the other tested cells, and hence, the absolute number of Venus-positive cells detectable by flow cytometry was likely underestimated.
Venus-tagged MYXV attaches to HuNS1 cells via a novel cellular binding determinant(s).
It was recently reported that binding of VACV to HeLa cells was reduced when the expression of cell surface integrin ␤1 was knocked down using an siRNA, suggesting that VACV utilizes integrin ␤1 as a cellular attachment factor for these cells (29) . Our results clearly show that, in contrast to HeLa cells, neither MYXV nor VACV utilized cell surface HS or laminin for the attachment to HuNS1 cells since pretreatment of virions with heparin or laminin did not reduce virus binding to these cells (Fig. 4A and data not shown) . In addition, we show that HuNS1 cells are not very susceptible to VACV infection compared to their susceptibility to MYXV infection, and this difference is reflected by the differential properties of binding of the two Venus-tagged viruses to HuNS1 cells (Fig. 4A) . These results led us to examine the expression levels of integrin ␤1 on the surfaces of various target cells. We compared the cell surface expression levels of integrin ␤1 on HeLa, U266, and HuNS1 cells by flow cytometry. Our data showed that HeLa and U266 cells expressed a high level of integrin ␤1 and were Statistical analyses between the untreated and HP-or LN-treated groups for each virus were performed using the Student t test. * and **, P Յ 0.05 and P Յ 0.005, respectively, which are considered significant; a, P Ͼ 0.05, which is considered insignificant.
highly infectible by Venus-tagged VACV and MYXV, while HuNS1 cells expressed very little to no integrin ␤1 on their surface (Fig. 9B) . However, HuNS1 cells were still highly susceptible to MYXV but much less so to VACV (Fig. 9A) . Taken together, our results confirm the previous conclusion that the susceptibility of many cells to Venus-tagged VACV does indeed correlate with cell surface integrin ␤1 levels, whereas the binding of Venus-tagged MYXV does not, suggesting that MYXV attaches to HuNS1 cells via a novel cell surface binding determinant(s).
DISCUSSION
Two distinctly different poxviruses, namely, MYXV and VACV, are currently being developed as novel oncolytic therapeutics to treat a variety of human cancers (2-4, 10, 17) . Despite their similarities as members of the poxvirus family, the two viruses exhibit very divergent host tropisms, and they can differ dramatically in terms of which specific human cancer cells are permissive for infection and oncolysis (32) . Although most poxviruses bind to a wide spectrum of mammalian cells in culture (15) , there is growing evidence that the initial binding/entry step can be quite different among poxviruses (43, 44) . In fact, even different strains of VACV can enter target cells by distinctive mechanisms (31, 45) . This suggests that the binding/entry stage of poxviruses might be an important discriminatory stage that mediates tropism specificity for oncolytic virotherapy.
We have recently shown that ex vivo treatment with MYXV can selectively infect leukemic stem and progenitor cells and eliminate them from acute myeloid leukemia (AML) patient samples, while sparing the normal human stem and progenitor cells needed for immune reconstitution following autologous transplantation (22) . In addition, we have reported the ability of MYXV to specifically infect contaminating CD138 ϩ multiple myeloma cells and eliminate them from patient bone marrow samples (23) . Using MYXV virions tagged with Cy5, we demonstrated that the reason that CD34
ϩ stem cells are unaffected by ex vivo MYXV treatment is because the virus does not bind to this cell population (23) .
Collectively, these data demonstrate that MYXV has genuine potential to be exploited as an ex vivo cancer cell-purging agent prior to autologous stem cell transplantation, and hence, MYXV is now being developed as a candidate for use for this purpose as part of an oncolytic virotherapeutic approach.
However, we still do not understand why MYXV specifically binds and therefore infects the various diverse contaminating cancerous cell types without binding the normal CD34 tagged viruses were then used to investigate the properties of virion binding to various human cancer cell lines, primary human leukocytes from healthy donors, and cells from the bone marrow of multiple myeloma patients. We examined if MYXV utilized the same cell surface attachment factors used by VACV to bind various classes of target cells and observed some similarities but also some notable differences.
We report that, similarly to VACV, MYXV binds to cell surface glycosaminoglycans, particularly HS, for attachment to some adherent cultured cell lines, such as HeLa and BSC-40, and this binding can be partially competed by exogenous heparin. Unlike VACV, however, MYXV binding cannot be competed with the exogenous cell surface ECM protein laminin for attachment to the same target cells. We also found that the binding of MYXV and VACV to many of the adherent established human cancer cell lines tested is mainly mediated by cell surface HS. In stark contrast, however, the binding of both of the viruses to virtually all of the normal human leukocytes tested is completely independent of either cell surface HS or laminin. Therefore, our study suggests that the cell attachment factor(s) utilized by both poxviruses to bind to primary human leukocytes is in fact very different from the previous cellular binding determinants identified from the studies conducted on established cell lines. Indeed, the existence of a still unidentified cellular attachment factor(s) utilized by poxviruses for the attachment to primary human leukocytes is strongly suggested by our studies.
Previous studies on the binding of VACV to various mammalian cells have indicated that VACV can utilize cell surface glycosaminoglycans such as HS and CS, the ECM protein laminin, and/or integrin ␤1 as a cellular attachment factor(s) (24, 25, 29) . We found that the sensitivity of Venus-tagged MYXV and VACV binding to inhibition by soluble heparin varied considerably among the adherent cell lines that we tested (Fig. 4 and 6 ). It appears that cell surface HS is the main cellular attachment factor utilized by Venus-tagged MYXV to bind HeLa cells, for example, since soluble heparin inhibited this binding by more than 80% (Fig. 4A) . However, only about a 20% reduction was observed with Venus-tagged VACV binding to the same cells, suggesting that VACV binds to cell surface determinants in addition to HS for the attachment to HeLa cells. It has also been reported that the knockdown of integrin ␤1 expression reduced VACV binding to HeLa cells (29) . In addition, we confirm previous reports that VACV binding to HeLa cells was also reduced by the exogenous ECM protein laminin (Fig. 4B) (24) . However, MYXV does not encode an ortholog of the VACV laminin-binding protein A26 (11) . Indeed, laminin did not inhibit MYXV binding to HeLa cells at all (Fig. 4B) , indicating that MYXV uniquely does not utilize the cell surface ECM protein laminin for virion attachment.
Importantly, our binding studies with two human T cell lymphoblastoid lines, Jurkat and CCRF-CEM, revealed that MYXV and VACV could differentially bind/infect these cell types (Fig. 5) . While Jurkat cells were highly susceptible to MYXV binding and infection, CCRF-CEM cells were very poorly infected by MXYV because of a failure of virions to attach (Fig. 5) . In contrast, VACV bound/infected Jurkat cells relatively poorly and CCRF-CEM cells much more efficiently (Fig. 5) . In addition, the sensitivity of the two viruses to inhibition by soluble heparin was the opposite of what was observed with HeLa cells; i.e., binding of Venus-tagged VACV to Jurkat cells was reduced to a level greater than that for Venus-tagged MYXV (Fig. 6A) . In fact, there was very little reduction in binding of MYXV to CCRF-CEM cells when virions were pretreated with soluble heparin (Fig. 6A) , indicating that MYXV does not use cell surface HS to any significant degree for the attachment to CCRF-CEM cells. These differences in MYXV and VACV binding to and infection of each of the two human T cell lines suggest that the cell surface attachment factors utilized by these poxviruses for entry into the target leukocytes can be quite dissimilar, depending on the target cells.
Our studies on the binding of MYXV and VACV to established human multiple myeloma cell lines, U266 and HuNS1, demonstrate further that the cellular determinants for the attachment of these two viruses on cancerous leukocytes can be quite different. Our data show that HuNS1 cells express very little cell surface integrin ␤1, an attachment factor for VACV (Fig. 9B) . This provides one possible explanation as to why VACV did not bind or infect HuNS1 cells very efficiently (Fig. 4A and 9A) . However, despite the low integrin ␤1 expression level, HuNS1 cells were highly susceptible to MYXV binding and infection ( Fig. 4A and  9A ). Additionally, we found that the attachment of both MYXV and VACV to HuNS1 cells was completely independent of HS (Fig. 4B) . Hence, our results indicate that MYXV utilizes a previously unidentified cellular determinant(s) different from the integrin ␤1 utilized by VACV for entry into HuNS1 cells.
Studies on the susceptibility of primary human leukocytes from peripheral blood mononuclear cells of healthy donors to VACV and MYXV infection were also conducted. It was previously reported that human monocytes are very susceptible to VACV (40) (41) (42) . On the other hand, resting human T cells have been reported to be not susceptible to VACV, although they became susceptible once the cells were activated (40) . It was reported that a cell surface receptor(s) expressed on the activated T cells is responsible for the increased susceptibility to VACV and the virion attachment to activated T cells is mediated by a cell surface protein(s) other than HS (40) . However, the specific cellular receptor(s) that allowed VACV binding and therefore infection has not yet been identified. In addition, primary human natural killer cells and B cells have been shown to be moderately susceptible to VACV infection (40, 42) . Our study indicates that similar overall types of human leukocytes infected by VACV were also generally susceptible to MYXV (Fig. 7) . We also found that both MYXV and VACV could bind and infect CD15 ϩ granulocytes to a comparable degree (Fig. 7) . Importantly, our study addressed an important question of whether or not MYXV and VACV utilize the same cell attachment factors, particularly HS and laminin, for entry into human cells. Our data clearly show that, in stark contrast to adherent cell lines like HeLa or BSC-40, neither MYXV nor VACV utilizes cell surface HS or laminin for attachment to any primary human leukocytes tested (Fig. 7) . In fact, for reasons that are unclear, treatment of Venus-tagged MYXV virions with soluble heparin actually increased the binding to certain cell types, such as granulocytes and B cells. Our observations that neither MYXV nor VACV utilizes a ubiquitously expressed cell surface attachment factor, i.e., heparan sulfate, to bind and infect human leukocytes, whereas only MYXV can infect myeloma cells that are deficient in integrin ␤1, may help to explain why MYXV is such a selective purging agent against human myeloma cells while at the same time it does not bind or infect normal CD34 ϩ stem and progenitor cells. As mentioned previously, both MYXV and VACV are being developed as oncolytic virotherapeutic agents for a variety of hu-man cancers. In both cases, the viruses are first exposed primarily to patient leukocytes: MYXV is used ex vivo to treat donor bone marrow or mobilized peripheral blood mononuclear cells (PBMCs) needed for subsequent autologous stem cell transplantation, whereas VACV is injected intravenously into the circulation of cancer patients. Hence, it is important to determine which poxvirus would be optimal for the specific oncolytic virotherapy strategy and whether their relative tropisms for both cancer cells and normal leukocytes are optimal for that therapeutic option. For example, we recently reported that MYXV could selectively bind to and infect CD138 ϩ multiple myeloma cells that contaminate primary patient bone marrow samples but could not even bind to normal CD34 ϩ stem cells, and this discrimination is crucial to the oncolytic specificity of MYXV for myeloma (23) . Here, we showed that Venus-tagged MYXV selectively bound and infected CD138
ϩ multiple myeloma cells from patient bone marrow samples, whereas Venus-tagged VACV attached to these primary myeloma cells much less efficiently (Fig. 8A) . Neither of the viruses bound or infected the normal CD34 ϩ stem and progenitor cells to any appreciable extent, suggesting that neither virus would perturb the engraftment/differentiation potential of these cells (Fig. 8B) . Therefore, our data suggest that MYXV is more discriminating for myeloma cells than VACV as a purging agent to specifically eliminate contaminating CD138 ϩ multiple myeloma cells from the patient's stem cell isograft prior to retransplantation.
In summary, our study indicates that the cellular determinants utilized by MYXV and VACV for attachment to many target cells can be significantly different from each other, particularly for leukocytes and certain human cancer cells, such as multiple myeloma. The binding of both poxviruses to primary human leukocytes is also not mediated by cell surface HS or laminin, and we conclude that an additional poxvirus cell attachment factor(s) remains to be identified. Finally, our data indicate that the oncolytic discrimination potentials of MYXV and VACV are quite different and both viruses can have unique roles to play in cancer virotherapy.
